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INTENSE  PULSED  ION  BEAMS:  THEIR  GENERATION  AND  APPLICATIONS 


INTRODUCTION 

Out  of  the  pulsed  power  technology  of  relativistic  electron  beams 

have  sprung  a  few  very  successful  techniques  for  producing  ultra-high 

power  beams  of  low  atomic  mass  ions.  These  beams,  which  typically 

last  for  less  than  a  tenth  of  a  microsecond,  contain  enough  energy 

to  melt  holes  in  millimeter  thick  aluminum  plates  and  have  sufficient 

current  to  produce  hundreds  of  kilogauss  magnetic  fields.  With  the 

1  2 

state-of-the-art  power  levels  now  approaching  a  Terawatt  (10  W)  and 
with  peak  currents  exceeding  0.5  Mega-Amperes,  it  appears  that  only  a 
modest  extension  of  the  present  technology  is  needed  to  test  the 
feasibility  of  several  exciting  applications  of  these  beams. 

The  development  of  ion  sources  has  been  partially  stimulated  by 
their  potential  applications  to  controlled  thermonuclear  fusion  programs. 
Currently,  there  are  several  fusion  schemes  that  are  based  on  the 
availability  of  ultra-high  power  ion  beams.  These  alternate  concepts 
may  prove  to  be  simpler  and  more  economical  for  commercial  power  generation 
than  mainline  fusion  approches,  such  as  magnetic  confinement  fusion  (MCF) 
with  Tokamak  devices  and  laser-driven  inertial  confinement  fusion  (ICF). 
Prominent  among  the  alternate  concepts  are  MCF  with  mirror  machines 
having  a  magne t i c- f i e I d- reversed  configuration  produced  by  a  rotating 
ion  ring,  and  I igh t- i on-dr i ven  ICF.  As  a  result  of  rapid  advances  in 
the  ion  beam  technology,  preliminary  tests  of  these  alternate  concepts 
are  already  underway.  If  successful,  these  tests  may  lead,  sometime 
during  the  next  decade,  to  conclusive  proof-of-pr i nc i p le  demonstrations 
of  these  schemes,  i.e.,  the  net  production  of  energy  via  fusion  reactions. 
Manuscript  submittad  July  7,  1980 
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In  addition  to  their  potential  applications  in  the  fusion  program, 
intense  ion  beams  have  several  other  applications.  Among  these  potential 
uses  are:  (i)  the  excitation  of  powerful  gas  lasers  for  communications, 
photochemical  processes  and  research,  (ii)  the  development  of  intense 
neutron  sources  for  testing;  and  (iii)  the  breeding  of  fissile  materials. 

Pulsed-power  technology  developed  rapidly  in  the  1960's  largely 

to  satisfy  the  need  for  intense  flash-X-ray  generators.  By  the  early 

1970's  the  technology  had  reached  the  point  where  high  power  ('24-100  GW), 

short-pulse  (25-100  ns)  generators  were  available  at  several  laboratories 

and  universities.  Researchers  began  coupling  these  generators  to  field 

emission  vacuum  diodes  to  produce  high  current  ('100  kA) ,  high  voltage 

(  1  MV)  intense,  relativistic  electron  beams  (IREB).  About  8  years  ago, 

scientists  began  to  realize  that  these  generators  could  also  be  used  to 

produce  intense  pulsed  ion  beams.  Since  that  time,  the  development  of 

ion  sources  has  been  extremely  rapid.  Now  proton  beams  with  currents 
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in  excess  of  500  kA  and  current  densities  of  100  kA/cm  have  been  produced 
at  voltages  of  1-2  MV  with  pulse  durations  of  20-100  nsec. 

Both  the  new  sources  for  intense,  pulsed  beams  and  conventional 
ion  accelerators  utilize  an  electric  field  to  accelerate  the  ions. 

However  conventional  accelerators  produce  continuous  or  long  pulse  beams 
as  opposed  to  the  submicrosecond  pulses  of  the  intense  beams.  As  a  result, 
conventional  systems  employ  high  voltage  power  supplies  such  as  Van  de  Graaf, 
Cockcrof t-Wa  I  ton ,  and  multistage  tandem  generators.  Typical  accelerating 
voltages  are  1-10  MV,  and  beam  currents  ^1  mA  and  power  ^1  kW  are  produced. 
Intense  beam  sources,  on  the  other  hand,  are  commonly  powered  by 
pu I se- f ormi ng  transmission  lines  charged  by  Marx  generators.  The  short 
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ion  pulses  commonly  have  a  25-100  ns  duration,  energies  of  0.1-2  MV  and 
currents  of  I  kA  -  0.7  MA.  Even  with  modest  size  pulse  generators,  ion 
beam  power  levels  well  above  1  GW  are  routinely  produced. 

In  contrast,  comparable  power  conventional  particle  accelerators  (rf 
linacs,  synchrotrons,  and  storage  rings)  operate  in  a  higher  energy  regime 
(100  MeV  -  100  GeV)  than  intense  pulsed  ion  beam  sources.  State-of-the-art 
conventional  accelerators  have  produced  proton  currents  of  20-50  A  at  GeV 
(storage  rings)  and  *'1  A  at-'dOO  MeV  (rf  linacs).  Recently,  induction 
linacs  have  been  proposed  to  generate  heavy  ion  beams  with  lOkA  current, 

10-20  GeV  energy  and  10ns  duration  for  inertial  confinement  fusion.  However, 
existing  induction  linacs  have  only  been  used  to  accelerate  electrons. 

The  development  of  intense,  pu I sed- i on-beam  sources  has  proceeded 
along  two  different  paths.  The  first  approach  is  based  on  collective 
acceleration.  In  this  approach,  use  is  made  of  the  negative  space  charge 
associated  with  an  unneutralized  IREB  to  accelerate  ions.  If  the 
electron  density  of  the  beam  is  large  enough,  a  sizable  electrostatic 
potential  well  is  formed.  Positive  ions  with  kinetic  energy  less  than 
the  well  depth  are  trapped  in  the  well,  and  if  the  well  is  accelerated, 
so  are  the  trapped  ions.  The  ions  in  such  a  device  can  attain  much  higher 
energies  than  the  electron  energy  attained  in  the  diode.  Proton s  have 
been  accelerated  to  energies  10-20  times  higher  than  the  electrons  and 
accelerating  electric  fields  of  1-10  MV/cm  have  been  realized.  However, 
the  ion  current  in  collective  accelerators  is  generally  much  smaller  than 
that  of  ion  diodes  because  of  the  difficulties  in  loading  the  ions  into 
the  well  and  keeping  them  trapped  during  the  acceleration  of  the  well. 

The  goal  in  current  research  is  to  extend  the  length  over  which  the  large 
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accelerating  field  acts  from  the  few  cm  in  present  devices  to  a  few  meters. 
Several  schemes  are  being  actively  pursued.  These  include  (i)  electron  ring 
accelerators  (University  of  Maryland,  Max  Planck  Institute  in  Garching,  W. 
Germany,  and  the  Joint  Institute  for  Nuclear  Research,  Dubna,  USSR);  (ii)  wave 
accelerators  using  cyclotron  or  plasma  waves  on  an  I R E B  (Austin  Research  Asso¬ 
ciates,  Naval  Research  Laboratory,  Cornell  University,  and  Los  Alamos  Scientifi 
Laboratory);  (iii)  controlled  potential  wells  associated  with  the  front  of  a 
propagating  IREB  (Sandia  Laboratories,  University  of  California  at  Irvine, 
Lebedev  Physical  Institute,  Naval  Research  Laboratory  and  North  Carolina  State 
University;  and  (iv)  vacuum  (Luce)  diodes  (Lawrence  Livermore  Laboratory,  Air 
Force  Weapons  Laboratory,  and  University  of  Maryland).  For  additional  infor¬ 
mation  on  collective  ion  acceleration,  the  reader  is  referred  to  the  book  by 
C.L.  Olson  and  U.  Schumacher.  This  article  deals  with  the  second,  more  success 
ful  approach  to  generating  intense,  pulsed  ion  beams  that  is  based  on  the 
acceleration  of  ions  within  vacuum  diode-like  sources. 

The  ions  originate  in  a  plasma  which  is  produced  on  the  surface  of  the 
anode  and  are  accelerated  by  the  applied  potential  toward  a  real  or  a 
virtual  cathode  (i.e.,  a  virtual  surface  at  cathode  potential).  The  ions 
form  a  beam  and  their  kinetic  energy  is  equal  to  ZeV,  where  Ze  is  the  ion 
electrical  charge  and  V  is  the  applied  potential.  Normally,  in  such 
devices,  most  of  the  current  is  carried  by  the  electrons  because  they 
are  considerably  lighter  than  the  ions.  Therefore,  efficient  generation 
of  ion  beams  requires  suppression  of  electron  current.  The  details 
of  the  various  methods  for  producing  the  anode  plasma,  extracting  the  ions, 
and  ■  uppressing  the  electron  current  (so  that  most  of  the  energy  is  carried 
by  the  ions)  are  described  below.  Although  many  of  the  recently 
developed  ion  sources  have  more  than  two  electrodes,  e.g.,  triodes, 


tetrodes,  etc.,  the  devices  are  generically  referred  to  as  ion  diodes. 

EFFICIENT  ION  SOURCES 

In  a  typical  field-emission  IREB  vacuum  diode  (Fig.  1)  the  cathode 

K  is  connected  to  the  negative  output  terminal  of  a  pulse  generator 

(Marx  and  pulse  forming  transmission  line).  The  anode  A  is  usually  spaced 

approximately  a  centimeter  away  from  the  cathode.  When  the  generator  is 

pulsed,  a  strong  electric  field  { 1 0 ^  -  10^  V/cm)  develops  between  A  and  K. 

This  results  in  the  field  emission  of  electrons  from  microprojections 

(called  whiskers)  on  the  cathode  surface  which  have  very  large  electric 

field  enhancements.  For  several  nanoseconds  these  whiskers  carry  current, 

are  heated  ohmically  (l  R) ,  and  eventually  explode.  Many  such  explosions 

result  in  covering  the  cathode  surface  with  a  plasma.  Electron  emission 

then  occurs  over  the  entire  cathode  surface.  The  electrons  accelerate 

along  electric  field  lines  toward  the  anode,  pass  through  it  and  form  a 

drifting  electron  beam.  The  presence  of  electron  space  charge  between 

A  and  K  modifies  the  applied  potential  and  the  total  electric  field  can 

be  reduced  to  zero  at  the  cathode.  In  this  case  the  space  charge  limits 

the  electron  flow  across  the  gap.  This  is  called  Ch i 1 d- Langmu i r  flow  after 

3/2  2 

the  1-D  model  which  predicts  that  the  current  I  is  proportional  to  V  /d  , 
where  V  is  the  applied  potential  and  d  is  the  A-K  gap.  In  a  similar 
fashion,  ions  extracted  from  the  plasma  on  the  anode  surface  flow  into 
the  gap.  The  ion  space  charge  also  modifies  the  electric  field,  and 
so  both  the  electron  and  ion  currents  are  space  charge  limited.  This 
is  called  bipolar  space  charge  limited  flow.  A  one  dimensional  theoretical 
model  predicts  that  the  current  of  non- re  I  at i v i s t i c  electrons  and  ions 
is  given  by 

I  =  0.093  (—  )J  V3/2/d2  (e.s.u.)  (1) 

e  m 

e 
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=  4.32  x  10  6  V3/2  /d2  amps/cm2  (V  in  volts,  d 


in  cm) 


and 


I . / I  =  {m  /M.  } 
i  e  e  i 


(2) 


where  and  M.  are  the  electron  and  ion  masses  respectively. 

Since  the  electric  field  is  approximately  zero  at  the  electrodes, 
Gauss’  law  requires  that  the  net  electrical  charge  within  the  diode 
be  equal  to  zero,  i.e.,  Q  =  Q. .  Because  the  average  current  of  each 
species  is  the  charge  divided  by  the  t’or.j Hence  time  i  within  the  device, 

the  ratio  of  ion  current  I .  to  electron  current  I  is  (Lee  and  Goldstein) 


I.  Q.t  t 
_L~  _!le-  ~  _£. 

I  T  .  Q  T  . 
e  i  e  i 


(3) 


In  Eq.  (3)  Te(j)  is  approximately  equal  to  the  characteristic  path  length*-^. ^ 

divided  by  the  average  velocity  ve  ( |  •  For  a  planar  diode,  =  >.  =  d 
1 

and  v./v^  -  (m^/M.}2.  Substitution  into  Eq.  (3)  yields  Eq.  (2).  For  protons, 
Eg .  (2)  predicts  that  the  ratio  of  proton  to  electron  current  ( 1 j / • e ) 
is  only  2.3-6.  Clearly  something  must  be  done  to  increase  the  I. /I  ratio 
if  the  ion  production  is  to  be  efficient.  According  to  Eq.  (3)  this  can 
be  accomplished  by  increasing  the  electron  residence  time  inside  the 
device.  So  far,  this  has  been  achieved  by  three  different  methods: 
reflexing,  pinching,  and  magnetic  insulation.  In  each  of  these  three 
techniques,  the  electrons  are  made  to  travel  a  longer  distance.  Because 
the  electrons  are  relativistic  for  most  of  their  path  length,  their  average 
velocity  is  a  large  fraction  of  the  speed  of  light.  Thus  each  of  the 
techniques  results  in  an  increase  in  i  .  However,  in  the  case  of  magnetic 
insulation,  the  electron  conduction  current  can  be  almost  totally  suppressed. 
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Electron  reflexing  devices 

The  first  successful  intense  ion  beam  source  using  electron  reflexing 
was  the  reflex  triode  shown  in  Fig.  2.  This  device  usually  consists  of 
a  cathode,  an  anode  made  of  a  thin  plastic  sheet  which  is  semi-transparent 
to  relativistic  electrons,  and  a  virtual  cathode.  When  a  positive  potential 
pulse  is  applied  to  the  anode,  electrons  are  emitted  from  the  cathode  and 
are  accelerated  toward  and  pass  through  the  anode.  The  space  charge  of 
the  electrons  that  have  passed  through  the  anode  modifies  the  applied 
electric  field  so  that  along  a  virtual  surface  the  potential  is  reduced 
to  zero.  The  locus  of  points  where  this  occurs  is  called  the  virtual 
cathode.  The  electrons  stop  when  they  reach  the  virtual  cathode  and  are 
accelerated  back  toward  the  anode.  Since  the  electrons  lose  energy  and 
scatter  when  they  pass  through  the  plastic  anode,  they  cannot  return  to 
the  cathode.  Instead,  they  oscillate  in  the  potential  valley  bounded  by 
the  cathode  and  the  virtual  cathode.  With  each  pass  through  the  anode, 
the  reflection  point  gets  closer  to  the  anode  and  eventually,  the  electrons 
are  absorbed  in  the  anode. 

Several  nanoseconds  after  the  electron  reflexing  begins,  plasmas  form 
on  the  surface  of  the  anode.  These  plasmas  are  thought  to  result  primarily 
from  flashover  discharges  on  the  anode  surfaces.  Ions  extracted  from  these 
plasmas  are  accelerated  toward  both  the  cathode  and  the  virtual  cathode. 

The  ions  which  pass  through  the  virtual  cathode  form  a  drifting  ion 
beam.  The  positive  potential  of  the  propagating  ion  beam  drags  electrons 
from  the  virtual  cathode.  Thus,  the  ion  beam  with  its  comoving  electrons 
is  nearly  charge  and  current  neutral. 

The  reflex  triode  was  first  demonstrated  in  197^  by  Humphries  and 
co-workers  at  Cornell  University  using  an  anode  consisting  of  an  array  of 
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polymer  or  polymer-coated  filaments.  Improvements  in  anode  design  soon 
followed  in  experiments  by  Kapetanakos  and  Golden  at  NRL  and  by  Prono  and 
co-workers  at  Physics  International  Co.  Then,  in  1976,  the  modest  power 
levels  of  these  early  proton  beams  were  increased  to  the  0.25  TW  power  level 
(0.25  MA  peak,  1.0  MV)  by  Kapetanakos  and  Golden  at  NRL  using  a  coaxially 
configured,  low  inductance  reflex  triode.  Low  inductance  is  required  if 
the  source  is  to  be  used  as  a  load  for  an  ultra-high  power,  low  impedance 
pulse  generator. 

For  most  of  these  experiments,  the  ratio  of  the  extracted  proton 


current  I  to  the  total  current  I  ,,  i.e., 
p  total 


the  proton  generation  efficiency 


■  ,  was  less  than  30 This  limited  efficiency  was  primarily  due  to  the 


fact  that  only  those  ions  flowing  toward  the  virtual  cathode  were  extracted 


and  used  while  the  ions  flowing  toward  the  cathode  were  lost.  If  N  is 


the  number  of  times  a  typical  electron  passes  through  the  anode  and  m 
is  the'  proton  mass,  Eg.  (3)  gives  that 


P _ 

tota  1 


m  /m 


P  e 

2N  +  1 


(A) 


In  the  limit  of  large  N,t  approaches  one-halt".  It  is  for  large  applied 
potential  or  very  thin  anodes  that  N  is  large.  However,  other  factors 
can  limit  N.  Fringing  applied  and  self  electric  fields,  and  se 1 f -magne t i c 
fields  produced  by  the  current  flowing  between  A  and  K  can  make  the  electron 
trajectories  multidimensional.  The  electrons  then  approach  the  anode 
obliquely  and  scatter  more  quickly  than  at  normal  incidence. 

Another  consideration  is  the  matching  of  a  reflex  triode  to  the  pulse 
generator.  If  N  is  large  then  a  great  accumulation  of  electron  space 


charge  piles  up  about  the  anode.  This  causes  most  of  the  potential  drop 


in  the  A-K  gap  to  be  in  a  region  close  to  the  anode  (see  Fig.  5a)  The 
large  ion  current  emitted  from  the  anode  neutralizes  the  electron  charge 
so  that  even  more  electron  current  can  be  emitted.  The  result  is  a  boot¬ 


strapping  effect  which  produces  a  dramatic  increase  in  the  current.  However, 
as  the  impedance  drops,  the  load  cannot  remain  matched  to  the  pulse  generator. 
As  the  mismatch  worsens,  the  load  voltage  drops.  This  eventually  limits 
N  and  I  .  This  mode  of  operation  was  first  reported  by  Prono  and  co-workers 
at  LLL  and  has  been  observed  by  researchers  in  other  1 abora tor i es .  It  is 
typical  of  the  one-dimensional  electron  flow  which  can  occur  in  small  A-K 
gaps  and  with  large  applied  axial  magnetic  fields. 

To  improve  upon  the  low  efficiency  of  the  reflex  triode,  a  device 
called  the  reflex  tetrode  (see  Fig.  3b)  was  invented  by  the  authors.  In 
the  tetrode,  two  anodes  are  used.  This  first  anode  is  situated  between 
anode  and  the  cathode  K.  The  material  for  A^  is  chosen  so  that  plasma 
formation  on  the  surface  facing  the  cathode  is  inhibited.  For  example, 
a  6um  thick  Mylar  film  with  a  few  hundred  Angstroms  thick  aluminum  layer 
is  a  poor  source  of  plasma.  Thus,  there  is  a  limited  number  of  ions  which 
can  flow  in  the  A^-K  gap.  The  second  anode  A^  is  made  of  a  thin  polymer 
sheet  (e.g.,  12.5>Jm  thick  pol ye t hy 1 ene) , wh i ch  is  a  good  plasma  source. 

Ions  flow  toward  the  virtual  cathode  and  the  first  anode  A ^ .  However, 
the  ions  traveling  away  from  the  virtual  cathode,  arrive  at  A^  with  zero 
axial  speed  and  cannot  pass  through  A^  into  the  A^-K  gap.  As  a  result, 
the  reflex  tetrode  has  an  approximately  un i d i rec t i ona 1  flow  and  avoids 
many  of  the  impedance  matching  difficulting  of  the  reflex  triode. 

Furthermore,  the  reflex  tetrode  has  nearly  twice  the  efficiency  of  the 
reflex  triode.  At  both  NRL  and  Tomsk,  efficiencies  as  high  as  53>  have 
been  achieved. 
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The  impedance  of  the  reflex  tetrode  is  sensitive  to  the  applied  magnetic 
field.  In  addition,  the  quality  of  the  ion  beam  is  influenced  by  the 
non-uniform  electric  field  that  exists  in  the  anode-virtual  cathode  gap. 

The  non-uniformity  in  the  field  is  due  to  the  fact  that  the  virtual  cathode 
is  not  co-planar  with  the  anode.  In  order  to  avoid  these  difficulties, 
another  reflexing  device,  the  inverse  reflex  tetrode  (IRT)  was  developed 
(see  Fig.  3c).  This  ion  source  consists  of  a  grounded  cathode  screen 
and  positively  biased  anode  metal  cylinder  AC  that  is  terminated  at  one  end 
by  a  plate  G.  An  anode  foil  A,  usually  a  thin  polyethylene  sheet,  is 
attached  to  the  other  end  of  the  AC.  An  externally  applied  magnetic 
field  may  be  used  to  radially  confine  the  electron  flow  in  the  device. 

When  a  positive  pulse  is  applied  to  the  anode,  electrons  are  emitted 
from  the  stainless  steel  mesh  cathode  K,  pass  through  the  anode  foil 
and  form  a  virtual  cathode  VC  between  A  and  G.  Some  of  the  electrons  are 
transmitted  from  VC  to  G  and  the  rest  reflex  through  the  anode  foil  until 
they  are  absorbed  by  i t  or  are  lost  to  the  walls  of  the  AC.  Protons 
are  extracted  out  of  the  plasmas  which  form  from  the  anode  foil,  probably 
as  a  result  of  surface  flashover.  These  protons  travel  toward  VC  and  K. 

When  inductive  effects  are  neglected,  the  potential  at  G  is  the  same 
as  that  of  the  anode  and  the  ion  current  strik:ng  G  is  zero.  Most  of  the 
ions  emitted  toward  K,  however,  pass  through  the  coarse  screen  and  enter 
the  drift  region.  In  addition,  the  IRT  exhibits  the  attractive  feature  of 
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operating  with  a  nearly  constant  impedance  during  an  appreciable  portion 
of  the  voltage  pulse.  Although  the  ion  generation  efficiency  of  an  I RT  is 
lower  than  that  of  a  reflex  tetrode,  the  number  and  average  current  of 
protons  is  about  1.5  times  larger,  because  the  I RT  can  be  better  matched 
to  the  generator.  Pulses  of  1-1.5  MeV  protons  having  a  peak  current  of 
<v0.5  flA,  and  containing  6_  7  x  protons  have  been  produced,  recently, 

by  an  I RT  powered  by  the  Gamble  II  Generator  at  NRL.  The  power  level  of 
such  a  proton  beam  exceeds  0.5  TW. 


Pinched  electron  beam  diode  ion  sources 

Another  method  for  enhancing  the  ratio  of  ion  to  electron  current  is 

to  increase  the  electron  residence  time  by  pinching  the  electron  flow. 

Here  pinching  means  that  the  electrons  emitted  at  large  radii  on  the 

cathode  move  radially  inward  while  crossing  the  anode-cathode  gap  so  that 

the  electron  flow  at  the  anode  is  highly  concentrated  near  the  axis  of 

the  device.  Furthermore,  pinching  can  be  combined  with  reflexing  to 

achieve  ion  beams  with  even  higher  efficiency  and  intensity. 

According  to  the  one-dimensional,  bipolar  space-charge- I imi ted  flow 

2 

(Ch i I d-Langmu i r )  model,  the  diode  impedance  varies  as  d  where  d  is  the 
anode-cathode  (A-K)  spacing  (see  Fig.  A).  However  as  the  impedance  is  reduced 
and  the  current  I  is  increased,  the  azimuthal  se 1 f-magne t i c  field  B  becomes 
larger.  This  self-field  acts  on  the  electron  motion  so  that  the  electron 
trajectories  become  curved  rapidly  inward  toward  the  axis  of  the  device. 

At  a  criti  :a  I  value  of  the  current,  the  electron  velocity  turns  through 
90°  and  no  longer  has  any  axial  velocity  component.  This  critical  current 
I  is  given  by 

I  8500  j\/ , ^  -  I  (Amperes),  (5) 


where  R  is  the  cathode  radius  and  y  is  the  relativistic  energy  parameter 
equal  to  the  ratio  of  the  relativistic  electron  mass  over  its  rest  mass. 

The  ratio,  R/d  is  called  the  aspect  ratio. 

This  departure  from  the  Ch i 1 d-Langmu i r  model  was  observed  over  a  decade 

ago  and  was  labelled  parapoten t i a  1  flow,  i.e.,  flow  along  potential  surfaces 

rather  than  along  electric  field  lines.  Then,  in  1972-3  experiments  with 

high  aspect  ratio  diodes  (at  NRL,  Physics  International  Co.,  and  Sandia 

Laboratories)  were  conducted  that  demonstrated  the  dramatic  collapse  of 

the  electron  flow.  The  phenomenon  became  known  as  the  super-pinch  and  current 
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and  power  densities  exceeding  ICr  A/cm  and  10  W/cm  at  the  anode  were 
achieved.  Often,  a  deep  crater  was  blasted  in  the  center  of  a  "witness'1  targe 

The  role  of  ions  in  the  formation  of  the  super-pinch  was  not  initially 
appreciated.  However  it  has  been  shown  in  a  model  of  high  aspect  ratio 
diodes  (Goldstein,  Davidson,  Siambis,  and  Lee)  that  without  ions  in  the 
A-K  gap,  only  weak  pinching  occurs.  The  electrons  emitted  at  the  cathode 
radius  R  arrive  at  the  anode  at  a  radius  of  approximately  R/  .  Experiments 
at  NRL  and  Sandia  have  shown  that  the  rate  of  collapse  of  the  electron  flow 
towards  the  axis  depends  on  the  rate  of  anode  plasma  production.  It 
is  from  this  plasma  that  ions  are  extracted  and  accelerated  towards  the 
cathode.  Computer  simulations  at  NRL  and  Sandia  Labs  have  shown  that  the 
ions  act  to  neutralize  the  negative  space  charge  of  electrons  in  particular 
near  the  anode  and  the  vicinity  of  the  axis.  This  permits  a  larger  current 
and  therefore  a  stronger  magnetic  field  in  the  device.  More  importantly, 
it  allows  the  electrons  to  move  in  a  nearly  radial  direction  in  the  vicinity 
of  the  anode.  Consequently,  the  ratio  of  ion  to  electron  current  l./l 
for  bipolar  planar  flow  is  enhanced  by  the  ratio  R/d  when  strong  pinching 


occurs,  and  Eqs.  (3)  predicts: 

_j_  >  R  6  (6) 

I  d  2 

e 

where  3  is  the  ratio  of  the  ion  velocity  at  the  cathode  to  the  speed  of  light. 
Since  the  electrons  are  relativistic,  3  is  approximately  the  ratio  of  the  ion 
and  electron  velocities.  For  a  large  aspect  ratio  and  high  voltage  V,  this 
ratio  is  near  unity.  For  example,  with  R/d~30  and  1/20  (corresponding  to 
\M.2  MV)  Eq.  (6)  predicts  I  /  1^-0. 75. 

By  using  an  annular  cathode  or  a  thin  polymer  foil  cathode,  the  ions 
flowing  across  the  A-K  gap  can  be  extracted  through  the  cathode  as  a  beam. 

Pinched  electron  diodes  have  been  successfully  used  to  generate  ion  beams  by 
researchers  at  NRL  (Stephanaki s ,  et  al.),  Sandia  (Johnson  et  al.).  Cornell 
(Hammer  et  al.),  and  Physics  International  Co.  (Genaurio,  et  al.). 

Experiments  have  shown  that  by  using  a  thin  anode  foil,  some  reflexing 
will  take  place  along  with  the  pinching.  This  combined  action  further  in¬ 
creases  the  electron  residence  time.  In  recent  experiments  performed  by  a 
collaboration  of  researchers  at  Physics  International  Co.  and  NRL,  beams  of 
protons  or  deuterons  have  been  produced  having  a  current  of  one  MA  and  an  energy 
of  two  MeV  corresponding  to  an  ion  beam  power  of  two  Terawatts.  Furthermore,  be¬ 
cause  of  the  intense  flow  of  electrons  near  the  axis,  these  diodes  appear  to  be 
well  suited  to  the  production  of  high  current  density,  solid  beams.  Using  a  hemi 
spherically  shaped  anode  and  cathode,  Stephanakis,  and  co-workers  at  NRL  have  pro 
duced  ba I  I i s t i ca 1 1 y  focused  proton  beams  with  a  peak  current  density  exceeding 
100  kA/cm2. 

Magnetically  Insulated  Diode  Ion  Source 

The  third  type  of  ion  source,  the  magnetically  insulated  diode  MID,  employs 
a  magnetic  field  parallel  to  the  electrode  faces  to  prevent  electrons  from 
crossing  the  anode-cathode  gap.  If  the  electron  current  is  almost  completely 
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suppressed,  then  it  is  possible  to  obtain  a  very  high  ion  production  effi¬ 
ciency.  The  minimum  magnetic  field  required  for  turninq  an  electron  around 
before  it  reaches  the  anode  is  given  by 

B*  =  (~ )  <v2-l>-/d  (7) 

where  d  is  the  electrode  spacing,  e  and  are  the  charge  and  mass  of  an  elec¬ 
tron,  and  c  is  the  speed  of  light.  As  an  example,  i f  V  =  I  MV  and  d  =  1  cm, 
then  B*  =  5  kG.  Since  the  ions  to  be  accelerated  across  the  gap  are  much  more 
massive  than  the  electrons,  their  gyro-radius  in  the  applied  field  is  much 
larger  and  they  cross  the  diode  while  undergoing  only  slight  deflection. 

Ion  generation  by  magnetically  insulated  diodes  was  first  proposed  by 

Winterberg  and  later  by  Rostoker  and  then  by  Sudan  and  Lovelace.  The  devices 

were  developed  at  Cornell  University  by  Humphries  and  coworkers  and  have  been 

operated  at  high  power  levels  at  Sandia  Laboratories  where  Johnson  and  co- 
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workers  have  produced  ion  beams  of  100  kA/cm  at  2  MV  with  80/  efficiency. 

A  planar  magnetically  insulated  diode  is  illustrated  in  Fig.  S •  Ions  are 
extraced  from  the  diode  through  the  cathode,  which  may  be  a  wire  mesh  or  a 
metal  plate  with  openings  to  let  the  ions  pass  through.  Great  care  must  be 
taken  in  constructing  a  MID  to  keep  the  magnetic  field  lines  parallel  to  the 
electrode  surfaces.  If  a  field  line  intersects  both  the  anode  and  the 
electron  sheath,  then  electrons  can  stream  along  that  field  line,  thereby 
shorting  the  diode. 

Besides  their  inherently  high  efficiency,  another  attractive  feature 
of  magnetically  insulated  diodes  is  that  the  anode  is  reusable,  at  least 
when  it  is  coupled  to  a  moderately  powered  generator.  The  anode  typically 
contains  dielectric  inserts  which  form  plasma  by  surface  breakdown  when 
the  diode  voltage  is  applied.  During  the  pulse,  relatively  little  energy 
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is  deposited  in  the  dielectric,  so  it  suffers  relatively  minor  damage. 

There  can,  however,  be  substantial  damage  after  the  main  pulse  when  the 
cathode  plasma  diffuses  across  the  magnetic  field  and  strikes  the  anode. 

For  very  large  applied  magnetic  fields  ( •  B  •),  the  electrons  are 
confined  very  close  to  the  cathode  and  the  extracted  ion  current  is  limited 
to  the  Ch i I d-Langmu i r  value.  However,  if  B  is  only  slightly  larger  than 
B ,  the  electron  charge  is  enhanced  because  the  electrons  move  closer 
to  the  anode.  Consequently,  the  ion  current  is  enhanced.  This 
behavior  has  been  predicted  theoretically  (Bergeron;  Antonsen  and  Ott) 
and  observed  experimentally.  Ion  current  densities  5"I0  times  above  Chi  1 d - 
Langmuir  have  been  obtained.  MID's  are  attractive  for  long  pulse 
operation  because  the  applied  magnetic  field  a  I  so  acts  to  impede 
plasma  motion  across  the  gap.  In  the  microsecond  long  pulse  experiments 
of  Luckhardt  and  Fleischman  at  Cornell,  these  enhanced  ion  current  densities 

1 3  2 

have  resulted  in  the  production  of  4 .  5  x  10  protons/cm  .  Table  I 
gives  the  S t a t e-of - t he-Ar t  of  pulsed  ion  sources. 

For  several  applications  (e.q.,  inertial  confinement  fusion),  it  is 
necessary  to  focus  the  ion  beam  to  a  diameter  of~l  cm.  Spherical 
magnetically  insulated  diodes  have  been  used  to  provide  such  focusing. 

In  a  spherical  diode,  ions  emitted  from  the  anode  converge  at  the  center 
of  the  diode,  resulting  in  a  large  gain  in  current  density.  In  experiments 

at  Cornell  and  Sandia,  gains  in  ion  current  density  of ~20  have  been  achieved. 
However,  for  an  inertial  confinement  fusion  reactor,  ions  must  not  only 
be  focused  to  a  small  diameter. 
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but  they  must  also  be  transported  over  a  distance  of  several  meters  to  the 
fusion  pellet.  Otherwise,  the  blast  from  the  fusion  reaction  will  destroy 
the  diode. 

DIAGNOSTICS  FOR  INTENSE  ION  BEAMS 

It  became  evident  even  during  the  initial  development  of  intense- 
ion  beam  sources,  that  many  diagnostic  techniques  which  had  been  successfully 
used  to  probe  electron  beams  are  not  applicable  to  intense  ion  beams. 

The  main  reason  is  that  intense  ion  beams  are  at  least  partially  space- 
charge  and  current  neutral i 2ed  by  co-movinq  electrons.  These  traits 
preclude  several  electrical  measurements , such  as  charge  collection  and 
current  or  se I f-magne t i c  field  measurements. 

Many  of  the  techniques  presently  available  to  measure  the  properties 
of  these  beams  (see  Table  2)  have  been  adapted  mainly  from  nuclear 
phy s i cs  . 

One  of  these  methods,  which  has  been  applied  successfully  to  intense- 
ion  beams  is  nuclear  activation  analysis.  For  more  details  see  the  review 
pop<  r  by  F.C.  Young,  J.  Golden  and  t.A  Kapetanakos,  Rev .  Sc i .  Instrum, 
kd,  A32  ( A 3 2 ) .  Presently,  this  is  the  most  unambiguous  moans  for  the 
determination  of  the  number,  identity,  and  spatial  distribution  of  light 
i  Oils  . 

Nuclear  activation  analysis  is  based  on  the  measurement  of  the  number 
of  radio-active  nuclei  induced  in  a  target  by  the  ion  beam.  In  the  case 
of  proton-,  and  deuterons,  reactions  occur  in  the  elements  ' '  “T  ,  and  ' 
which  lead  to  radioactive  nuclei  that  have  half-lives  of  a  few  minutes 
and  that  decay  by  emitting  a  positrons  (see  Table  >)  . 

By  counting  the  coincident  >  rays  resulting  f  ror-r  the  subsequent 
annihilation  of  the  pos i ‘ ror.s  ,  and  correcting  for  the  decay  during  the 
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time  between  activation  and  counting,  the  number  of  radio-active  nuclei 
induced  in  the  target  can  be  determined.  For  many  reactions,  the  thick 
target  yield,  i.e.,  the  number  of  reactions  produced  per  incident  ion 
striking  a  thick  target  is  known.  The  number  of  incident  ions  is  egua) 
to  the  number  of  radioactive  nuclei  produced  divided  by  the  thick  target 
yield. 

A  similar  approach  is  to  monitor  the  neutrons  produced  by  (p,n) 
or  (d,n)  reactions  induced  by  the  ions  in  suitable  targets.  A  list  of 
some  of  the  more  useful  nei  t ron-produc i ng  reactions  is  also  included 
in  Table  3-  This  technique  has  the  important  advantage  that  some  of 
the  neutron-producing  reactions  have  moderate  yields  at  energies  which 
are  below  the  resonances  or  thresholds  of  the  res i dua 1  -  rad i o-ac t i v i ty- 
producing  reactions.  The  main  d i sad van tages  with  this  technique  is 
the  sensitive  dependence  of  the  (p,n)  and  (d,n)  reaction  cross  section 
on  the  energy  of  ions. 

An  alternative  technique  is  to  monitor  the  prompt  radiation,  i.e., 

,  rays  or  neutrons,  produced  by  the  ion  induced  nuclear  reactions. 

The  prompt  t-rays  can  be  detected  by  fast  response  scintillators  attached 
to  fast  recovery,  h i qh- sa t ura t i on-cu r ren t  photomultipliers.  High  yield 
reactions  that  have  proved  to  be  useful  are  the  '  (p ,  i  * ) ' ^  0  and  the 
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Li(p,t)  °B  (  0  reactions.  It  is  important  that  an  appropriate  reaction 
is  selected  with  yield  that  does  not  vary  much  over  the  energy  range  ot 
the  ion  beam.  In  this  case,  the  prompt  fray  signal  is  proportional  to 
the  ion  current.  When  the  absolute  calibration  ot  the  detector  is  not 
available,  the  prompt  i-ray  signal  can  be  normalized  to  the  number  ot 
ions  in  the  pulse  measured  via  another  technique,  o.g.,  activation 


analysis  of  residual  rad i oac t i v i t y  in  a  target.  Prompt  , - r  <iy  measurements 


also  require-  that  care  be  taken  to  avoid  interference  by  x-rays  which 

are  generally  produced  by  high  energy  electrons  at  the  ion  source.  Spatial 

or  temporal  separation  of  the  preamp t  >  -  ray  and  x-ray  pulses  is  usually  required. 

A  useful  tool  for  measuring  the  time  of  flight  and  the  shape  of  the 

i on  pulse  is  a  detector  consisting  of  a  thin  scintillator  coupled  optically 

to  a  fast  photodiode  by  a  long  acrylic  light-pipe  encased  in  a  stainless 

steel  tube.  A  vapor  deposited  layer  of  aluminum  0.2  -  l.^.m  thick  shields 

the  detector  from  extraneous  light.  For  current  densities  greater  than 
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i  lew  hundred  A/cm  screens  must  be  used  to  attenuate  the  beam  and  thus 
prevent  destruction  of  the  aluminum  and  sc i n t i  I  I  a t or . 

Recently,  another  method  has  been  demonstrated  which  gives  information 
about  the  spatial  distribution  and  number  of  protons  in  the  pulse.  This 
diagnostic  suggested  by  Bleach  and  Nagel  at  NRL ,  and  adapted  to  intense  ion 
beams  by  I.  Burns  and  co-workers  at  Sandia  ami  F.C.  Young  at  NRL,  consists  of 
monitoring  the  soft  x-rays  emitted  when  a  proton  beam  strikes  a  metallic 
target.  The  line  radiation  of  a  few  kilovolts  energy  is  produced  from 
t  fie  ■  xcitation  of  inner  shells  (K,L,M)  of  a  suitable  target  as  for  example 
aluminum.  This  radiation  can  be  detected  with  x-ray  diodes  (XRD)  or  by 
x-ray  pinhole  photog raphy .  By  calibrating  the  XRD  or  the  p i nho I  e-camera 
film  system,  and  from  the  known  c ross - sec t i on  for  excitation  of  the 
x-ray  lines,  the  dose  of  i  3ns  on  the  target  can  be  determined. 

Presently  many  of  the  diagnostic  methods  available  for  intense 
ion  beams  suffer  from  strious  limitations.  For  example,  with  nuclear 
activation  analysis,  a  major  problem  is  "blow-off"  of  the  target.  The 
beams  can  he  so  intense  that  the  surface  of  the  target  bearing  the 
radioactivity  induced  by  the  beam  can  be  heated  to  melting  or  even  ablated 
so  that  flic  radioactive  nuclei  are  lost  prior  to  detection.  Although 
prompt  , -ray  detection  may  avoid  t h «?  problem  of  blow-off,  it  is  usually 


1R 


complicated  by  the  interference  of  x-rays  and  the  lack  of  knowledge  of 
the  ion  energy  distribution. 

For  intense  fluxes  of  ions  with  energi  s  below  the  thresholds  or 
resonances  for  the  reactions  amenable  to  nuclear  activation  analysis  or 
prompt  radiation  detection,  a  reliable  diagnostic  method  is  not  available. 
Nuclear  activation  techniques  based  on  resonant  reactions  cannot  be  used 
for  light  ions  with  energies  below  230  ke\/  per  AMU.  Etched  tracks  in 
films  or  emulsions  have  been  used  with  ion  beams  at  many  laboratories, 
but  this  method  is  strictly  limited  to  low  fluxes. 

Biased  ion  collectors  ( B I C )  have  often  been  used  to  measure  the 
current  of  low  energy  ion  beams.  These  charge  collectors  usually 
consist  of  a  cup  connected  in  series  with  a  low-Ohmic  resistive  element 
enclosed  in  a  shielded  container.  For  an  electron  beam,  the  current  incident 
on  the  collector  can  be  determined  by  measuring  the  voltage  developed  across 
the  resistive  element.  Secondary  electron  currents  are  conveniently 
suppressed  by  the  negative  space  charge  that  is  developed  by  the  primary 
electrons  in  front  of  the  collecting  surface.  However,  for  an  ion  beam, 
the  electrons  co-moving  with  the  ions  neutralize  the  beam  current.  Biasing 
the  collector  negatively  retards  the  electrons,  but  the  bias  potential 
also  accelerates  the  secondary  electrons  produced  by  the  ions  on  the 
surface  of  the  collector.  Because  the  secondary  emission  coefficient 
of  ions  in  the  energy  range  0.1-1  MeV  is  typically  greater  than  unity 
^specially  for  oblique  incidence),  the  contribution  of  the  secondary 
electron  current  to  the  measured  current  can  be  quite  large.  These 
difficulties  can  be  partially  avoided  by  using  collectors  with  small 
apertures  and  a  magnetic  field  parallel  to  the  collecting  surface  to 
reduce  the  secondary  electron  flow. 
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SOME  SELECTED  APPLICATIONS  OF  INTENSE  ION  BEAMS 

In  the  following  sections,  we  review  the  concepts  and  the  present 

status  of  some  promising  applications  of  intense  ion  beams.  The  recent 

impressive  advances  in  the  generation  of  ion  beams  suggest  that  in  the  near 

future  ion  beams  will  be  available  at  power  levels  required  for  the 

thermonuclear  fusion  oriented  applications  of  such  beams.  At  the  present 

power  level,  ion  beams  have  been  used  at  NRL  to  form  transient  f i e I d- reve rsed 

ion  layers  and  to  excite  high  power  gas  lasers.  In  addition,  MeV  energy 

2 

ion  beams  have  been  focused  to  current  densities  in  excess  of  100  KA/cm  . 

(a)  P-beam  Excitation  of  Lasers 

The  envisioned  uses  of  gas  lasers  include  drivers  for  inertial 
confinement  fusion,  isotope  separation,  and  undersea  communications 

and  sensinq.  As  described  in  a  recent  article  reviewinn  qas  laser  tech¬ 
nology  (J.G.  Eden,  et  al..  Spectrum,  April  '79),  the  gas  lasers  to  he 
used  in  these  applications  must  have  high  power  and  efficiency.  These 
requirements  also  apply  to  the  means  of  putting  energy  into  the  gas, 
i.e.  the  excitation  source,  or  more  simply  "the  pump". 

Many  lasers  of  current  interest,  e.g.  the  excimer  lasers,  use  an 
intense  pulsed  relativistic  electron  beam  as  the  pump.  Typically  these 
lasers  rely  on  the  ionization  of  a  rare  gas  by  the  e-beam  to  ultimately 
create  the  upper  state  population  of  the  laser.  However,  as  pointed  out 
by  A . U .  AM  at  NRL  (1977),  the  use  of  proton  beams  for  laser  excitation 
appears  attractive  because  the  ionization  per  unit  path  length  by  protons 
in  rare  gases  is  greater  than  that  produced  by  electrons  of  the  same 
energy.  However,  the  advantage  of  protons  over  electrons  resulting  from 
the  high  energy  deposition  per  unit  volume  of  protons  must  be  balanced 
against  the  lower  efficiency  with  which  proton  beams  can  be  produced 
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and  delivered  to  the  gas. 

In  comparison  with  e-beam  pumping,  it  is  expected  that  p-beam  pumped 
lasers  may  operate  at  lower  gas  pressures  at  which  absorption  by  the  diluent 
gas  is  reduced.  Alternately,  higher  ionization  densities  may  be  achievabh 
at  a  given  pressure,  and  so  more  compact,  new,  or  more  efficiently  pumped 
lasers  may  be  possible. 

Experiments  at  NRL  have  been  performed  which  demonstrated  p-beam  pumping 
of  and  XeF  molecules.  The  apparatus  for  these  experiments  is  shown  sche¬ 
matically  in  Fig.  6.  The  proton  source  was  a  reflex  tetrode  which  produced 

2 

a  450  keV  proton  beam  with  current  density  of  ~10A/cm  and  50  ns  duration. 

The  beam  was  passed  through  a  thin  Mylar  foil  (3pm  thick)  into  a  gas  mixture 
of  about  1  atm  pressure.  An  optical  cavity  was  formed  by  two  spherical  mirrors 
external  to  the  gas  cell,  and  a  magnetic  field  was  used  to  improve  the  per¬ 
formance  of  the  reflex  tetrode  and  to  help  transport  the  beam  to  the  gas 
cell. 

The  first  demonstration  of  a  p-beam  excited  laser  was  achieved  in  1978, 
when  stimulated  emission  at  357.7  and  3^0.5  nm  was  observed  in  a  Ar/N^  gas 
mixture.  In  further  experiments,  p-beam  pumping  of  the  XeF  laser,  one  of  the 
promising  rare-gas-ha 1 i de  lasers,  was  studied.  In  this  UV  laser,  the  depend¬ 
ence  of  output  energy  on  the  input  energy  and  also  on  the  transmission  of  the 
output  mirror  (i.e.,  the  coupling)  was  measured.  Many  similarities  with 
t  -beam  pumping  have  been  observed.  However,  unlike  the  e-beam  pumped  XeF 
laser,  helium  could  be  successfully  used  as  a  diluent  gas  with  p-bean  pumping. 
At  I  atm  gas  pressure  (97'  Ar/2.6  Xe/0.4  NF^)  the  efficiency  was  found  to  be 

-2.7  when  the  output  coupling  was  6  . 

Although  these  preliminary  results  are  promising,  in  order  to 
achieve  higher  power  levels,  a  number  of  problems  must  be  overcome. 

As  with  e-beam  pumping,  there  is  a  limit  on  how  much  ionization  and 


energy  deposition  can  be  efficiently  utilized.  At  very  high  pump 
powers,  processes  occur  which  can  destroy  the  upper  laser  level  population 
because  of  the  higher  deposition  for  protons,  these  processes  may  restrict 
the  maximum  useful  p-beam  current  density. 

Apart  from  the  detailed  kinetics,  there  are  also  technological  problems 
that  include  the  loss  of  proton  energy  in  the  foil  window,  the  support 
of  a  thin  foil  against  a  gas  pressure  of  several  atm,  matching  the  p-beam 
shape  with  a  practical  laser  shape,  and  finally,  coping  with  the  large 
laser  output  power  densities  which  are  expected  because  of  the  compactness 
of  p-heam  pumped  lasers.  It  appears  that  most  of  these  difficulties  can 
be  minimized  by  utilizing  protons  with  higher  energy,  i.e.,  in  excess 
of  I  MeV.  The  increase  in  proton  range  with  higher  energy  permits  the  use 
of  thicker  foils  with  a  lower  energy  loss  in  the  foil. 

Increased  range  also  permits  a  larger  laser  aperture  to  be  used, 
for  a  iiiven  laser  output  power,  the  power  density  can  be  reduced  so  that 
damage  to  the  laser  mirrors  may  be  avoided. 

(b)  Inertial  Confinement  Fusion 

The  product  of  density  and  plasma  confinement  time  required  for 
a  10  keV  plasma  by  the  Lawson  criterion  for  fusion  breakeven  can  be 
achieved  by  confining  a  low  density  plasma  lor  a  long  time  (e.y.,  density 
n  =  10  7cin\  confinement  time  t  =  1  second),  as  in  magnetic  confinement 


P  c 

fusion  devices  (i.e.,  tokamaks  and  mirror  machines)  or  by  confining  a  very 

dense  plasma  for  a  very  short  time.  The  latter  is  the  approach  followed 

by  inertial  confinement  fusion  ( I C F ) .  In  order  to  obtain  the  required 

n  ,  a  hollow  pellet  a  few  millimeters  in  diameter  filled  with  a  deuteiium 
P  c; 

2f|  3 

and  tritium  mixture  must  be  compressed  to  a  density  —10  /cm  for  less  than 
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a  nanosecond  (see  Fig.  7) •  This  means  that  t  he  gas  within  the 
pellet  nust  be  compressed  by  a  factor  of  about  10J  to  a  density  -lore 
than  100  times  solid  density.  Compression  can  be  achieved  by  irradiating 
the  outer  layer  of  a  pellet  so  that  it  explosively  ablates.  This  ablator 
imparts  inward  momentum  to  an  inner  shell  (sometimes  called  a  pusher) 
which  is  driven  inward  and  compresses  the  DT  fuel.  The  inward  inertia 
of  the  interior  shell  or  shells  provides  confinement  and  hence  the  name 
1CF.  The  means  used  for  delivering  the  momentum  to  the  pellet  is  called 
the  driver. 

Presently,  lasers,  electrons,  light  ions,  and  heavy  ions  are  being 
investigated  as  drivers.  Lasers  are  the  leading  candidates  because 
extremely  short  pulses  of  high  power  laser  radiation  can  be  easily  focused 
onto  the  small  pellets  using  systems  of  mirrors  and  lenses.  Lasers,  however 
are  more  expensive  and  inefficient  than  partible  beans.  They  currently 
cost  about  S500/Joule  and  at  least  1  MJ  is  required  for  energy  breakeven. 

The  two  leading  ICF  candidate  lasers  are  neodyni um-g I  ass  lasers  which 
have  efficiencies  less  than  1/.  and  carbon  dioxide  lasers  which  have 
efficiencies  less  than  about  10  .  On  the  other  hand,  heavy  ion  beams 
accelerators  may  have  very  high  efficiencies  but  they  also  are  expected 
to  have  high  capital  costs.  In  contrast,  light  ion  or  electron  beam  generator 
can  have  an  efficiency  of  25-50-.  and  a  moderate  cost  of  S 1 0- S 1 00/ Jou 1 e . 

There  exist  major  technological  problems  which  have  to  be  overcome 

if  particle  beams  are  to  be  viable  drivers  for  ICF.  These  problems  include 

1  L 

the  generation  ot  particle  beams  at  the  power  level  of  10  Watts,  trans¬ 
porting  such  beams  away  from  the  source,  focusing  them  onto  the1  target 
and  operating  pulsed  power  generators  at  high  repetitive  rates  anu  high 


average  power.  To  compress  a  pellet,  it  is  necessary  to  deposit  the 


energy  close  to  the  surface  of  the  pellet,  e.g.,  in  the  ablator.  If 
too  much  energy  is  deposited  deep  inside  the  pellet,  then  the  inwardly 
moving  material  must  push  against  the  pressure  exerted  by  the  heated 
inner  region.  This  problem  is  called  preheating. 

Electron  beam  drivers  are  limited  to  energies  below  a  few  MeV  in 
order  to  avoid  preheating.  Even  with  the  use  of  the  self-magnetic  field 
of  the  beam  to  reduce  the  range  of  the  electrons  and  stop  them  in  a 
thin  outer  layer  of  the  pellet  (an  effect  observed  by  researchers  both 
at  I.V.  Kurchatov  Institute,  USSR  and  at  Sandia  Laboratories),  an  electron 
beam  of  less  than  3  MeV  energy  and  power  in  excess  of  100  TW  is  needed. 

As  a  result,  the  beam  producing  pulse  generator  must  have  an  impedance 
which  is  considerably  less  than  one-tenth  of  an  Ohm.  Such  a  low  impedance 
poses  some  extraordinary  technological  difficulties  for  both  the  pulse 
generator  and  the  transport  of  the  beam  from  the  source  to  the  pellet. 

Although  substantial  progress  has  been  made  in  developing  the 
technological  solutions  to  these  problems,  ion  beam  drivers  appear  to  be 
an  attractive  alternative.  For  charged  particles  of  the  same  energy, 
more  massive  particles  have  a  shorter  range.  Therefore,  ions  with  higher 
energies  can  be  used  instead  of  electrons.  Consequently,  the  pulse  generator 
used  to  produce  the  ion  beam  can  have  a  higher  impedance.  For  example, 
models  by  Clauser  at  Sandia  Laboratories  predict  that  a  net-energy- 
breakeven  demonstration  of  ICF  could  be  performed  with  a  10  MeV,  10  MA 
proton  beam.  Beams  with  such  parameters  could  be  obtained  with  a  pulse 
generator  having  an  impedance  of  about  1  Ohm. 

Another  reason  for  using  an  ion  beam  driver  is  that  ion  sources 
can  be  made  in  which  the  ions  carry  most  of  the  current  in  the  device. 

P i nch- re f I  ex  diodes  studied  by  Cooperstein  and  co-workers  at  URL  produce 
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a fJ I  TW  proton  beam  with  l./l  *'/0.6.  It  is  expected  that  for  this  type 

1  total 

of  source,  the  ion  generation  efficiency  will  improve  with  an  increase 
in  the  power  level.  Also  magnetically  insulated  diodes  can  have  high 
efficiencies.  Johnson  et  al.  at  Sandia  Laboratories  has  recently  reported 
a  MID  hav  i  ng  :  ~30'„ . 

In  order  to  compress  a  pellet  to  thermonuc lear  conditions,  a  100  TW 

beam  must  be  delivered  to  the  pellet  with  a  power  density  of  <'*30-100  TW/ 

2 

cm  .  A  beam  of  10  MeV  ions  must  have  a  current  density  at  the  pellet 
2 

of  ^3  MA/cm  .  To  obtain  this,  the  ion  beam  must  be  focused  onto  Lhe 

pellet.  Several  focusing  methods  have  been  proposed  and  are  experimentally 

investigated  at  NRL,  Cornell  University,  and  at  Sandia  Labs.  These  include 

ballistic  or  geometric  focusing  using  curved  diode  electrodes  and  self- 

focusing  using  the  azimuthal  self  fields. 

Because  of  the  azimuthal  self-magnetic  field  produced  by  the  electron 

and  ion  currents  in  the  diode  and  that  produced  by  the  propagating  beam, 

se I f - focus i ng  can  occur  ev?n  when  the  beam  is  generated  in  a  planar  diode. 

In  addition,  when  curved  electrodes  are  used,  the  electric  field  in  the  A-K 

gap  has  a  radial  as  well  as  an  axial  component.  By  properly  shaping  the 

electrodes,  the  amount  of  radial  force  exerted  on  the  ions  can,  in  principle, 

be  adjusted  so  that  the  ion  trajectories  converge.  This  focusing  has 

been  demonstrated  by  Cooperstein  and  co-workers  at  NRL  using  a  pinch 

reflex  diode  having  spherically  curved  electrodes.  By  injecting  the  beam 

into  a  short  gas-filled  drift  region  ("*1  Torr),  plasma  was  produced  which 

facilitated  the  current  neutralizing  of  the  ion  beam.  This  allowed 

the  beam  Id  drift  force-free  to  a  focus  a  few  cm  from  the  diode.  By  measuring 

the  neutrons  from  D-D  reactions  induced  by  a  deuleron  beam  in  small  CD.} 

2 

targets,  they  inferred  peak  deuleron  current  densities  of  200  kA/cm  . 
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At  Sandia  labs,  Johnson  tt  al.  used  geometric  focusing  of  beams 

produced  in  an  annular,  curved  electrode  MID  to  obtain  focused  ion  beams 

2 

with  peak  iiirrent  densities  well  above  lOOkA/cm  . 

It  i  ■.  also  necessary  that  the  ion  beam  be  propagated  a  distance  (•-!  m) 
away  from  the  generator  because  the  intense  radiation  flux  front  the  ther¬ 
monuclear  reaction  can  damage  the  generator.  Various  methods  of  transporting 
the  ion  beams  are  being  investigated  at  NRL  and  at  Sandia  Labs. 

In  one  approach,  the  beam  is  transported  through  a  sma  1  1 -d  i  ante  ter  plasma 
channel.  One  technique  for  establishing  such  a  channel  is  to  explode  a  thin 
(typically  SOnm  diameter)  wire  by  discharging  a  capcitor  through  it.  As 
much  as  60 ;  of  an  ion  beam  has  been  propagated  over  0.5m  in  experiments  by 
D.  Mosher  and  co-workers  at  NRL.  The  problem  with  this  technique  is  that  the 
background  gas  pressure  must  be  kept  low  in  order  to  minimize  (dE/dx)  losses. 
However,  at  low  background  pressure,  the  channel  tends  to  be  subject  to  plasma 
instabilities  which  can  disrupt  beam  transport. 

Another  technique  for  establishing  the  plasma  channel  is  to  strike  a 
z-discharge  in  a  neutral  gas.  Experiments  have  been  performed  by  F.  Sande  1  at 
NRL  using  0.2-2  Torr  pressure  of  N^  or  He  gas.  So  far,  most  of  the  particles 
have  been  transported  as  far  as  I  m,  but  there  is  an  energy  loss.  This  loss 
amounts  to  about  200  keV  of  the  initial  1.^4  MeV  ion  energy.  The  energy  loss 
mechanism  is  still  being  investigated.  Other  techniques  have  been  proposed 
for  producing  the  plasma  channel.  For  example,  plans  are  being  made  at 
Sandia  Labs  to  use  laser  initiated  discharges. 

Although  very  high  ion  current  densities  have  already  been  achieved,  an 
additional  factor  of  30  in  the  beam  power  density  is  still  needed.  Part  ot 
the  required  increase  in  power  may  be  obtained  by  bunching  the  ions  with¬ 
in  a  pulse.  This  can  be  accomplished  by  applying  a  temporally  increasing 
potential  to  the  ion  source.  As  the  faster  ions  at  the  end 
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of  the  pulse  catch  up  to  the  front  of  the  pulse,  the  beam  pulse  will 
shorten  but  the  power  will  increase.  This  bunching  along  with  the 
overlapping  of  several  beams  may  yield  the  necessary  power  tor  light  ion- 
beam  d r i ven  I CF  . 

(c)  Field  Reversed  Ion  Rings 

Perhaps  the  most  significant  application  of  intense,  pulsed 

ion  beams  is  the  formation  of  field  reversed  ion  rings.  Such  rings  can 

be  formed  by  trapping  a  large  number  of  energetic  ions  in  a  magnetic 

mirror  field.  When  the  diamagnetic  self  field  of  the  symmetry  axis  encircling 

ions  exceeds  the  applied  magnetic  field,  the  total  magnetic  field  in 

the  interior  of  the  ring  reverses  direction.  As  a  result  the  magnetic 

field  lines  close,  as  shown  in  Fig.  8. 

Field  reversed  configuration  generated  by  energetic  charged  particles 

provide  an  ideal  configuration  for  confining  plasmas  for  thermonuclear 

applications  for  the  following  reasons:  (i)  the  plasma  confinement  time 

is  considerably  enhanced  because  the  trapped  plasma  would  have  to  cross 

the  closed  magnetic  field  lines  in  order  to  escape,  (ii)  the  gyrating 

particles  of  the  ring  serve  as  an  internal  energy  source  for  heating  the 

confined  plasma,  and  (iii)  the  beta  (b)  of  the  plasma 

plasma  pressure _ _ _ _____ 

external  magnetic  field  pressure 

can  exceed  unity  and  thus  the  power  density  of  a  thermonuclear  reactor 
can  be  high.  As  a  result,  the  size  of  the  reactor  can  be  appreciably 
reduced  resulting  in  very  significant  economic  benelits. 

Although  under  actual  laboratory  conditions  the  ensemble  of  gyrating 
ions  will  have  a  shape  that  closely  resembles  that  of  a  ring,  for  simplicity 
considei  a  long  rigidly  rotating  layer.  If  a^  is  the  inner  and  a0  the 
outer  radius  of  a  space  charge  neutral  layer  that  rotates  with  a  constant 
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where  \?  -  'o  is  the  cyclotron  frequency  < or respond  inn  Lo  the  applied  field. 

V.»  ’  ' 

me 

q  and  i'!  are  the  charqe  arid  mass  of  gyratir.q  particles,  v  is  the  Budker  pa¬ 
rameter  and  b  i the  radius  of  a  perfectly  conducting  wall  that  surrounds  tin 
layer .  ft;.,  magnet i  c  field  for  r  <■  a,  and  a,,  £  r  fi  h  i  .  constant  and  may 
1h  I  nt  !>y  I t  r  i  ng  r  -  a  and  r  -  a  in  Eq  .  (8)  respectively.  Figure  CJ 

;  how  r  itio  B  Ir't/B  a-,  a  function  of  radial  di  st  ..nee  for  different  val 

o 

ues  ('i  :■■■■;' i  .  hot  e  that  this  combination  of  parameters  is  always  negative 

bee  a  ns<  io  is  nocat  i  vo  when  i}  is  positive  and  vice  versus.  The  Budker  pa- 
o  -  o, 

runs-  ter  -y  ntr  (a,-Jj  )  =  -y  N^,  i.e.,  is  the  product  of  the  charged 

me 

part i <  to  per  unit  length  N„  and  is  of  fundamental  impot  tance  in  the  theory 
of  reversed  field  configurations. 

It  1,1  ,1  I. .  ■  [  |.|  lit  t  .1  .  (|)  is  doe  to  l  ltd  act'd  l  ur  rent  s  (eddy  curier.ls)  on 

tin  well  of  the  conducting  cylinder  surrounding  the  layer  and  become k  tern 
■./tin  !  ii  i  v:  i  in. . !  or  is  removed  (b  •  •■«)  . 

I"'  ■  •  1.  Id  nversal  factor  g=  B  (a,)/B  may  be  found  I  rom  Eq  .  (8)  try 
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-ll'.  Will'll'  |l  = 
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le  aloebru,  it  is  obtained  r  -•  - ■  (i-v).  1  In  ref  ore,  field 

"o 

('guiles  a  Buifki  r  parameter  that  i'xceni<  unity. 


Mn. a  'hi  i  ■  ui  I  k  ( •  r  parameter  i  •.  inversely  protKirt  i  on.i !  to  I  in  mass  of 

t  he  ,;'.'i  it  inn  ,i. naied  particles,  considerable  more  inn',  an  required  to 

tori  i  !  *  e  ! .  j  reversed  configuration  than  electrons.  However,  rever'. id  fit  Id 
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configurations  that  are  generated  by  electrons  are  not  ot  interest  fni 

t hermonuc lear  applications  because  of  the  synchrotron  radiation  losses 

from  the  fast  moving  electrons.  Therefore,  only  protons  or  heavier  charged 

particles  can  be  used  in  the  formation  of  field  reversed  layers  01  rings 

that  have  applications  in  the  fusion  program.  Since  .1  foi  field  ri  vet 

2  2-1 

the  number  of  protons  per  unit  length  required  is  N  1  (g  /pic  )  -  O.bL  >, 

10**3  cm  .  This  number  is  very  large  and  generally  can  he  obtained  only 
with  the  recently  developed  pulsed  ion  sources. 

Presently,  there  are  two  experimental  programs,  one  at  NRL  and  the 
other  at  Cornell  University,  that  are  aimed  toward  the  generation  ot 
a  reversed  field  configuration  with  proton  rings.  A  schematic  ot  the  NRL 
ion  ring  experiment  is  shown  in  Fig.  10  and  a  photograph  of  the  same 
experiment  is  shown  in  Fig.  11.  In  the  most  recent  experiment,  the  applied 
magnetic  field  consists  of  a  short  uniform  region,  a  magnetic  cusp,  a  / j 
cm  long  uniform  field  and  a  single  magnetic  mirror.  The  Inverse  Ket  lex 
Tetrode  ( I H T )  proton  source  is  located  in  the  short  uniform  li>  Id  and 
is  powered  by  the  upgraded  Gamble  II  generator.  This  source  genet utes 
a  hollow,  ramp-shaped  proton  pulse  that  contains  more  than  6  x  10  ^  piotuns 
ol  about  ‘j 0  nsec  base  line  duration.  Typically,  the  peak  of  the  applied 
voltage  on  the  source  is  1  .  ‘j  MV. 

After  propagating  in  the  short  uniform  magnetic  tie  Id,  the  hollow 
proton  beam  enters  the  magnetic  cusp,  where  it  starts  to  totate  as  a 
result  of  v^B^  force.  The  self  magnetic  field  of  . he  layer  is  monitored 
with  several  magnetic  probes  that  are  located  on  axis  and  neat  the  wall 

The  first  transient  field  reversal  ever  obtained  with  ions  was 
achieved  at  NRL  in  the  Spring  of  1979-  Presently,  experiments  are  under 
way  to  trap  the  protons  with  the  aid  of  a  gate  field  that  is  located  .it 
the  beginning  of  the  7S~cm  long  uniform  field. 
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The  simplified  condition  for  self-sustained  thermonuclear  reactors 

1  A  -  3 

(.Lawson  criterion)  i  s  n  i  '  10  cm  sec,  where  n  is  the  plasma 

pc  P 

density  and  T  is  the  plasma  confinement  time.  Since  the  plasma  is  mainly 
confined  by  the  self  magnetic  field  of  the  ion  ring,  the  life  time  (/)  of 
the  ring  should  be  longer  than  the  plasma  confinement  time  <  .  The  life 
time  of  the  ring  is  mainly  determined  by  the  interaction  of  ions  with 


the  plasma  electrons  and  is  given  by 


-=  0.59  x  I  o' 2  (m  /m.)*  — 

pin 

e 


3/2 


where  n  is  the  electron  density  in  cm  \  W  is  the  ion  energy  in  MeV, 

0 

111  is  the  proton  mass  and  in.  is  the  mass  of  ions  that  make  up  the  ring. 

P  i 

for  protons  (m.  =  m  ),  the  energy  W  must  be  about  35  MeV  in  order  to 

1  A  -  3 

have  n  1  greater  than  10  cm  sec.  Since  during  trapping  the  energy 
e  C 

of  protons  is  between  1  to  2  MeV ,  a  twenty-fold  increase  in  their  energy 
i  s  regu i red . 


1  :  1  'nhietivi  Acc>- lerat  ion  of  Tons  Tv  Adialalie  Maftnet  '<•  ''onvt  ••• 

A  convenient  way  to  increase  the  energy  of  gyrating  ions  is  by 
adiabatic  magnetic  compression  of  the  ring. 

When  an  axial  magnetic  field  B^(t)  increases  with  tine, an  azimuthal 
electric  field  E  (t)  is  induced  which  enhances  the  energy  W  ol  a  particle 
of  charge  g  at  the  rate 


dW 

dt 


qV  E 

H  H  ft 


where  V  is  the  i ns  tan taneous  azimuthal  velocity  of  the  gyrating  particle. 
If  the  self  fields  are  neglected,  and  the  magnetic  field  changes  slowly 
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W  ( t ) 

in  time  (adiabatic)  then  the  magnetic  moment  p  =  g-^-y  °f  a  Gyrating  ion  is 

conserved  and  thus  its  energy  increases  proportional  to  the  applied  f  i 1  d 

B  ( t )  . 


In  the  presence  of  self  fields,  the  energy  of  ions  increases  slower 
than  that  predicted  for  a  single  particle  because  a  portion  of  the 
externally  supplied  energy  goes  into  thermal  energy  and  also  into  self- 
magnetic  energy  of  the  ring. 

The  inductive  acceleration  of  ions  can  be  used  either  to  increase 
the  energy  of  the  ions  and  thus  to  extend  their  life  time  in  a  thermonuclear 
reactji  or  it  can  be  used  in  the  generation  of  high  energy,  high  current 
ion  pulses.  In  the  latter  case  the  ring  must  be  unwound  into  a  straight 
beam  after  compression.  A  way  to  accomplish  this  is  by  opening  the  far 
mirror  peak  and  passing  the  rotating  ring  through  a  ha  1 f  cusp  as  shown 
in  Fig.  12.  Equilibrium  states  for  this  space  charge  neutral,  rotating- 
propagating  hollow  beam  exist  even  in  the  absence  of  an  external  magnetic 
field,  because  the  outward  directed  centrifugal  and  J()Bt  forces  are  balanced 
by  the  J  B,  force.  The  magnetic  forces  J,B  and  J  B  are  due  to  the  self 
fields  Bit  and  B^  of  the  beam  and  are  generated  from  its  axial  and 
azimuthal  J ( (  currents. 

Table  A  shows  the  parameters  of  a  ring  before  and  after  compression. 

It  must  be  emphasized  that  the  0.91  Megagauss  peak  value  of  magnetic  field 
is  rather  conservative  since  magnetic  fields  in  excess  of  1.3  Megagauss 
have  already  been  generated  by  flux  compression  using  metal  liners.  The 
predicted  100  MeV  ion  energy  at  the  peak  of  the  compression  is  based  on 
the  assumption  that  the  self  fields  are  small  and  thus  i<  is  conserved 


during  compression.  When  the  purpose  of  the  compression  is  the  generation 


ot  high  energy  beams  ,  the  self  fields  con  be  kept  appreciably  smaller  than 
the  applied  field  by  partial  cancellation  of  the  ion  current  by  an  electron 


return  cur  re  n t .  Such  a  pa i  t i a  I  cunce I  I  a  t i on  is  highly  des i ■ ab I e  bet  .■  use 
it  allows  efficient  transfer  of  the  externally  supplied  magnetic  energy 
into  particle  kinetic  energy  during  compression. 

The  usefulness  ot  ion  rings  in  the  fusion  program  and  also  in  the 
generation  of  high  energy  ion  pulses  rest  very  heavily  on  their  stability. 
As  a  result  of  the  complexity  of  the  problem,  no  comprehensive  treatment 
ot  the  stability  of  field  reversed  rings  is  presently  available.  Huwevei , 
results  obtained  so  far  are  very  encouraging. 

Using  the  energy  principle  Sudan  and  Rosenbluth  have  shown  that  a 
field  reversed  ion  ring  is  stable  against  MHD  kinking  modes  when  its  aspect 
ratio  rl  =  major  radius/minor  radius  ti  s  near  unity.  Lovelace  has  arrived 
at  a  similar  conclusion. 

Tearing  modes,  i . c . ,  instabilities  that  break  up  a  long  layer  i n t o 
several  rings  can  be  avoided  by  surrounding  the  layer  by  a  close  fitting 
conducting  wall  (Marx)  or  by  introducing  a  spread  in  the  axial  velocity  i/t 
the  ions  (Fowler;  Uhm  and  Davidson).  The  latter  has  been  mufiiried  in 
recent  computer  simulation  experiments  by  Marsh  and  Drobot . 

Similar  conclusions  have  been  reached  about  specific  instability 
modes.  For  example,  Uhm  and  Davidson  have  treated  the  stability  ot  a 
field  reversed  layer  for  frequencies  near  multiples  of  the  mean  rotational 
frequency  of  the  layer.  Such  instabilities  are  of  primary  concern.  Tiny 
have  Found  that  in  the  presence  of  a  dense  background  plasma  the  .>>.!> 
can  be  easily  stabilized  by  introducing  transverse  temperature  in  the 
I  ayer  '  s  i  oris  . 
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THE  NEXT  FEW  YEARS 


The  turning  point  tor  i n tense,  pul sed  ion  beams  may  come  Turing,  f  T :« ■ 
next  years.  If  the  remarkable  rate  of  success  of  the  last  3  years 

is  continued  then  a  number  ot  significant  accomplishments  may  be  achieved. 
In  the  area  ot  laser  excitation,  demonstrations  ot  higher  power  and 
higher  energy  UV  and  iu  w  blue-green  p-beam  pumped  lasers  are  already 
being  planned. 

During  1931-1432,  the  particle  beam  fusion  accelerator  (PBFA)  will 
come  on-line  at  Sandia  Labs.  It  solutions  to  the  ion  beam  transport  and 
focusing  problems  are  t omul  ,  then  in  the  mid-80's  ion  beams  wi  II  be  used 
as  drivers  in  an  attempt  to  demonstrate  ICF  breakeven.  Finally,  etlorts 
to  trap  a  t  i e I d- reversed  ion  layer  in  a  magnetic  mirror  are  in  progress 
at  dRL.  It  these  experiments  are  successful,  then  the  ;>re  i  egu  i i  t  <-  I’m 
t i e Id- reversed  mirror  machine  fusion  devices  and  inexpensive  relativistic 
ion  accelerators  will  be  at  hand.  Although  the  success  ot  any  of  these 
ion  hen"  applications  is  by  no  means  certain,  t  he  possible-  high  pay-uMs 
■  ai- i  tin  invest  null  in  mil  I  research  a  good  bet. 
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Appendix  I  -  INTENSE  ION  BEAM  RESEARCH 


Where  it's  happening 

Naval  Research  Laboratory  (NRL)  ,  Washington,  D.C. 

(Ion  Ring  Group)  reflexing  sources,  rings,  lasers,  accelerators, 
diagnostics;  experiment  and  theory 

(Ion  Beam  Group)  pinched  electron  diodes,  transport,  focusing, 
diagnostics;  experiment  and  theory 

Sandia  Laboratories,  Albuquerque,  New  Mexico 

1 i gh t- ion-d r i vers  for  ICF,  magnetically  insulated  diodes, 
diagnostics,  ion  accelerators;  experiment  and  theory 

Cornell  University,  Ithica,  New  York 

Magnetically  insulated  diodes,  focusing,  rings,  lasers;  experiment 
and  theory  (2  groups) 

Lawrence  Livermore  Laboratory,  Livermore,  California 

Reflexing  sources;  experiment  and  theory 

Physics  International  Company,  San  Leandro,  California 

Re  flexing  sources,  pinched  electron  diodes 

University  of  California,  Irvine,  California 

Reflexing  sources,  magnetically  insulated  diodes,  injection 
into  a  torus;  experiment 

University  of  Illinois,  Urbana,  Illinois 

Ion  rings;  theory 

University  of  Maryland,  College  Park,  MO 

Pinched  electron  diodes,  reflex  sources,  theory 
Nagoya  University,  Nagoya,  Japan 

Reflexinq  sources;  experiment  and  theory 
Massachusetts  Institute  of  Technology,  Cambridge,  MA 

Reflexinq  sources,  ion  rings,  experiment  and  the,,'. 


r 


University  of  Michigan,  Ann  Arbor,  Michigan 
Ion  rings;  theory 

Weizman  Institute,  Rohoboth , I s rae 1 

Pinched  electron  diodes;  experiment 
Institute  of  Nuclear  Physics,  Tomsk,  U.S.S.R. 

Reflexing  sources,  laser  excitation  with  p-beam;  experiment 
Lebedev  Institute,  U.S.S.R. 

Reflexing  sources;  experiment 
Harry  Diamond  Laboratory,  White  Oak,  MD 
Reflexing  sources;  experiment 
Auburn  University, 

p-beam  pumped  lasers;  experiment 
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Table  1  -  State-of-the-Art  of  Pulsed  Ion  Sources 


Source 

V  (MV ) 

1  (KA) 

DURATION 

LABS 

ion  peak 

(ns) 

reflex  triode 

1  .2 

200 

50-60 

NRL 

0.3 

150 

160 

LLL 

reflex  tetrode 

1.2 

250 

50-60 

NRL 

IRT 

1.5 

500 

50-60 

NRL 

Pinched  electron 
d  i  ode 

1.3 

o 

o 

50-60 

NRL 

2.0 

1000 

— 

P  1 

MID 


2.0 


400 


85 


Sandia  Lab. 


Table  3  Proton  and  Deuteron  Induced  Reactions 


F o r  producing  ft  activity 


Product 

Useful  energy  range 

React i on 

ha  1 f -  1  i  f  e 

(MeV) 

,0B(p,Y)nc(g+)nB 

20.4  min. 

E  -  1 . 1 45  (  resonance) 
P 

,2c(p,y)13n(pV\ 

9.93  min. 

E  “L  0.457  (resonance) 
P  ~ 

11*n(p,y)I5o(3+),5n 

122  sec. 

E  ?  0.277  (resonance) 
P 

,0B(d,n)nc(3+)nB 

20.4  min. 

E  >  0.250 
d 

,2C(d,n),3N(BV3C 

9.96  min. 

E  .  >  0.600 
d 

!4N(d,n) 15O(0+) l3N 

122  sec. 

E  ,  >  0.700 
d 

For  producing  neutrons 

React i on 

Threshold  (MeV) 

D(d,n)3He 

— 

9Be(p,n)9B 

2.06 

9Be(d,n) '°B 

— 

9Be (a,n) ' 2C 

--- 

nB(p.n)nc 

3.0 

,60(d,n) 1  7F 

1.83 

^3Cu(p,n)^3Zn 

4.21 

^9Cu (p ,n )^3Zn 

2.17 

For  producing  prompt  Y  rays 

React i on 

Resonance  Energy  (KeV) 

7Li  (p,y)^Be 

441 

1030 

2060 

15F(p,ay) 


1 6, 


Many  wi thin  range 

227-1 9^9 


39 


Table  4 


Source 


Average  bo  Mow  beam 

radius  at  the  anode  (cm) 

26 

Hague tic  Field  ( k  G ) 

2.3 

Pulse  Du i  a l i on  (nsec 

) 

Compression  Region 

70 

Before 

After 

Comp  ress i on 

Compress i on 

Proton  energy  (MeV) 

2 

100 

Magnetic  field  at  M. 

P.  (kG)  18.2 

910 

Proton  current  (MA) 

0.92 

46 

Numer  of  proton;, 

2  x  lo’7 

2  x  101  1 

Ring  kinetic  energy 

(MJ )  0.064 

3-2 

40 


Figure  2  -  Schematic  of  the  reflex  triode.  The  electrons  emitted  from 

cathode  (k)  are  shown  reflexing  about  the  anode  (A)  and  forming 
the  virtual  cathode  (V.C.).  The  ions  are  accelerated  by  the 
electric  field  (hatched  arrow)  towards  both  the  cathode  and 


vi rtua I  cathode . 
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ANODE 


- -  electron  orbit 

The  magnetically  insulated  diode  consists  of  a  cathode  ( K ) ,  an 
anode  (A),  and  an  applied  magnetic  field  B  which  is  strong  enough 
to  inhibit  the  electron  flow  from  reaching°thc  anode.  Ions  from 
the  anode  plasma  are  accelerated  by  the  electric  field  (hatched 
arrow)  and  pass  through  the  cathode  forming  a  beam. 


SPHERICAL  BREWSTER  MYLAR  QUARTZ 
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ission  fr or  an  Ar/57'  N  gas  nixture  was  observed  at  >=357.7 
d  380.5  rnm . 
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